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AERODYNAMICINVESTIGATIONOFA FOUR-BLADEPROPELLER

OPERATINGTKROUGHANANGLE-OF-ATTACK

RANGEFROM0°TO 180°

w H. ClydeMcLemoreW MichaelD. Cannon

An investigationof theaerodynamiccharacteristicsofa four-blade
rigidmodelpropellerhasbeenconductedintheLangleyfull-scaletunnel
foranglesofattackfrom0° to 1800,bladeanglesfrom0° to 67.5°,and
a rangeoftivs.nceratiofromo to 6.2. Theinvestigationincludeda
prelhinaryexplorationofverticaldescentanda comparisonwiththeory
oftherateofchangeofthenormal-forcecoefficientwithangleof
attackandoftheaerodynamiccharacteristicsofthepropellerat zero
angleofattack.

Thestatic-thrustresultsindicatethatthebladeangleforthe
maximumfigureofmeritis sfightlygreaterthan8°. Thebladeangle
formsxhumefficiencyforforwardflightat zeroangleofattackis
approximate=600. Fortheunstalledportionoftheadvance-ratiorange
investigated,thrust,power,sndnormal-forcecoefficientsincreasewith
increasingamgleofattackfora givenvalueofadvanceratioandblade
angle.Vertical-descentvelocityshouldprobablybe limitedtovalues
removedsomewhatfromtheslipstreamvelocitybecauseofincreasingly
violentfluctuationsofforcessmdmomentsasthedescentvelocity
approachestheslipstreamvelocityin a fullydevelopedvortex-ring
stateofflowatthepropellerdisk.

Thetheoreticalmethodusedforcalculatingtherateof changeof
thenormsl-forcecoefficientswithangleofattack,normsJ2yappliedto
propellers,doesnotadequatelypredicttheexperimentallydetermined
resultsforanglesofattackgreaterthan15°. Fortheblade@es
investigated,thestrip-analysistheoryusingavailabletwo-dimemionsl
airfoildataadequatelypredictedthevariationofthethrustandpower
coefficientsandefficiencywithadvsnceratioforanangleofattack
ofOO.

—.— .—— . —— —— . . ... . . .
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INTRODUCTION

Theinterestinpropeller-drivenverticallyrisinganddescending
airplaneshasgreatlyincreasedthedemandforinformationconcerning
theaerodynamiccharacteristicsofpropellersthrougha verylargeangle-
of-attackrange(0°to 1800).PropellersareImLowntoproducea lsrge
no- forcewhensubjectedtolargean@es ofattack,sndthemagnitude
ofthisnormalforceanditsrateof changewithsngleofattack,
togetherwiththemomentsact5ngonthepropeller,areofprimaryinter-
esttotheairplanedesignerbecauseoftheireffectsonthestability
andcontrolofttiaircraft.

ThepresenttestswereconductedintheLangleyfull-scaletunnel
inorderto determinetheaerodynamiccharacteristicsofa propeller
whileope~atingthroughanangle-of-attackrangefrom0°to 1800for
valuesofadvanceratiovaryingfromO to 6.2. Thepropellerwasorigi-
nal-l.ydesignedtobe usedona convertible-typeairplane.

~ additiontopresentingthebasicpropellercharacteristics,the
paperincludesa comparisonwithoneoftheavailabletheoriesforsev-
eralanglesofattackin orderto determinewhetherthevariationofthe
rateofchangeofthenormal-forcecoefficientwithangleofattackfor
large@es ofattackcanbe adequatelypredicted.Calculationsto
determinetheaerodynamiccharacteristicsofthepropellerat zeroangle
ofattackby ushg striptheoryarealsopresented.

COEFFICIENTSANDSYMBOLS

Theresultsofthetestsarepresentedas standardWA coefficients
offorcesandmments. Thedataarereferredto a systemofaxes,noted “
infigure1,whichcoincideswiththepropellerthrustaxisanda plane
perpendiculartothethrustaxisandmidwsybetweenthetwopropeller-
diskplanes.

T propellerthrust,lb

N propellernormslforce,lb

Q propellertorque,ft-lb

M propellerpitchingmoment,ft-lb

Y propelleryawingmoment,ft-lb

Crf thrustcoefficient,T/pn2D4

—. —— — —
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powercoefficient,211CQ

normal-forcecoefficient,N/pn2&

normal-forcecoefficient, N or ~$!$
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torquecoefficient,Qlpn2$

pitching-mmentcoefficient,M/pn2&

yawing-momentcoefficient,Y/pnW

Machnumberofpropellertip

Reynoldsnumberbasedonchordat0.75Rstation

propeller

propeller

propeller

rotationalspeed,rps

diameter,5.33ft

tipradius,2.66ft

massdensityofair,slugs/cuft

velocityoffree-streamtunnelairstream,fps

propelleradvanceratiobasedon streamwisecomponent
ofvelocity,v/nD

propelleradvanceratiobasedonvelocitycomponent
normaltopropellerdisk,V cosa/nD

propellerefficiencybasedonfree-streamtunnel

velocity,J+

radiusatanypropellerbladesection,ft

fractionofpropellertipradius,r/R

numberofblades

propellerbladechord,ft
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Ce

h

ae

a

propellerequivalentchord,
~“”~j

propeller-blade-sectionmsdmumthiclmess,

weightedpropellersolitity,BCefYCR

r’dr,ft

ft

angleofattackmeasuredfrompropeller-shaftaxis
to longitudinaltunneltis, deg

angleof attackmeasuredfranpropeller-shaftaxis
tolongitudinaltunnelaxis,radians

propellerbladeanglemeasuredat0.75R,deg

propellerbladeanglemeasuredat anyradius,deg

propell.er-bidedesignsectionliftcoefficient

rateof changeofpropelJ_ernormal-forcecoefficient
withangleofattackperradian,aN@!

MODELANDAPPARATUS

Thepropellerconfigurationtestedwasa l/3-scalemodelofa pro-
peller(designJ = 4.0) designedforuseona convertible-tneairplane,
whichwasusedpreviouslyfortheinvestigationsreportedinreferences1
and2. ‘TIEpropellerconfigurationconsistedoftwo, two-blade, 5.33-
foot-dismeterpropellersmountedintandemsoastoforma four-blade
configurationhavinga solidityof0.121basedonthechordatthe0.73R
station,a weightedsolidityof0.159basedonequivalentchord ce}and
an acti.tityfactorof90.3.Thesetandempropellersweremountedinthe
samehubandrotatedinthesamedirection.Theamountof offsetofthe
propellersis0.35foot. ThepropelJ-ersweredesignedto flap+kOOina
forwardsndrearwardplane;butforthepresenttests,thebladeswere
lockedina rigidposition.Thebladeswereconstructedof steeland
duralumin.Calculationsweremadeofthetorsionaldeflectionunderload
andfoundtobe negligible.Blade-formcurvesforthetestpropeller
havingWA 16-seriessectionsaregiveninfigure2.

A photographshowingtheprope~ermountedfortestsintheLamgley “
full-scaletunnelisgiveninfigure3. Powerwassuppliedtothepro- “
pellerthrougha right-anglegearboxby a 200-horsepowerelectric-
inductionmotormountedverticallyinthepropellertesttower.A



.

schematicdrawingofthetowerwithallpertinentcomponentsandtien-
sionsispresentedinfigure4. Thetowerwasdesignedtopivotabout
itsverticalaxis;thusanunntted angle-of-attackrangewasprovided.
Angleofattackforthepresenttestsis consideredtobe ina horizon-
talplane.Thetowersupportstructurewasshieldedfromthetunneldr-
streamby a free-floatingfairingattachedat itsbaseto a rigidl/&inch
steelplatewhichservedaa a supportandturntableforthefairing.The
towerwas mountedona shieldedstrutthattransmittedtheforcesacting
onthepropellertothetunnelbalancesystem.~ additiontotheforces
measuredonthebalancesystem,forcesandmanentsactingonthepropelder
weredeterminedby a calibratedstrain-gagebalancemountedintegrally
withthestructureofthetower(fig.4). Thepropeller,gearbox,and
motorweremountedona rigidframepivotedon gimbalswhichsnowed
freedomofmovementonlyinthethrustandnor&L-forcedirections.The
framewasrestrainedfrompivotingin-thegimbalsby thestrain-gagebeams.
Propellertorquewasmeasuredby a strsln-gagebeam”attachedto thedrive
motor.Thetailboomwasusedto counterbalancethestaticloadonthe
thruststraingagescausedbytheweightofthepropellerandhub
mechsmism.

TEsTs

Testsat staticthrustwereconductedintheLangleyfull-scale-
tunnelhangar(whichis a lsrge,unobstructedrwm) withthepropeller
slipstreamdirectedthroughtheopenedhangardoors.Thesetestswere
madefora rangeofbladeanglevaryingfrm 0° to25°forseveralvalues
ofpropellerrotationalspeedtiththelimitingconditionbeingthemsxL-
mu allowablerotationalspeedaslimitedby availabletorque.The
thrustandtorqueweremeasuredby a calibratedstrain-gagesystem.

Tunnel-operatingforcetestsweremadeofthepropellerfora rsnge
ofangleofattackfrom0°to180°. Theseanglesofattackwereobtained
by rotatingthetowerin a horizontalplanethroughapproximately90°for
theforward-flighttests.However,to avoidthegrosstower-wake-
interferenceeffectsexpectedforanglesofattackgreaterthan90°,the
toweranglesofattackweredecreasedtowarda = 0° withthepropeller
pitchanglessndpropellerrotationreversedsothatthefree-streamair
approachedthepropellerdiskfrcmtherear.At nearlyeverysingleof
attackinvestigated,severalpropellerbladeanglesweretestedwhich,
frompreliminarycalculations,seemedappropriate.Bladeangles,~as-
uredat0.7~, variedfrom0° to 67.50with J’ varyingfrm O to 6.2.
Maximumtunnelvelocityofthetestswas140fps,correspondingto a
tunnelMachnumberof0.12,andthe~ tipspeedwas697fps,corre-
spondingto a tipWch numberof0.62.

— — —- ——— .— .—. —--—-. -. -.
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Eachtunneltestco~tion consistedof settinga predetermined
angleofattackandbl.adeanglewithpropellerrotationalspeedand
tunnelairspeedvariedto givea maximumrangeof advanceratio.The
airspeedsbelowabout30fpscouldnotbe obtainedundersteadycondi-
tionsbecauseoftheloweroperatingMmit ofthetunneldrivemotors.
Thesespeedswereobtainedundertransientconditionsinwhichthetunnel
motorswereturnedoffandthedataweretakenattimeintervalsof20,
~, and70 secondsaftershutdown.Thesetimeintervalscorrespondto
airspeedsofappro-tely 20,15,and10 fps,respectively.A cali-
bratedpropeller-@pedirectionalanemometerbuntedinthetunnelwas
usedinmeasuringtheselowairspeeds.

Theforcedatapresentedforthetunneloperatingconditionswere
obtainedfrmnwind-tuunelbalancedataonlywiththestrain-gagedata
beingusedto showthemagnitudeandfrequencyofthefluctu&ionsof
theforcesandmomentsnotedforthevertical.descenttests.Thestrain-
gagesystemwasa moment+neasuringsystemand,therefore,couldbe used
to obtainody forceresultsat staticthrustorverylowadvanceratios
orforverylowanglesofattack.Torquewasmeasuredby a straingage
attachedtothedrivemotor.

Visualandphotographicobservationsweremadeofa llmitedsmoke
studyofthepropellerin a nearverticaldescentconditionforansngle
ofattackof165°anda blade@e of16°.

RESULTSANDDISCUSSION

PresentationofResults

Theresultsofthepresentinvestigationaregroupedintofourmain
sections.Thefirstsectionincludesthestatic-thrustcharacteristics
fora rsmgeofpropellerbladeanglefrcm0°to25°. Theresultsofthis
sectionaregiveninfigures5 and6. Thesecondsectionpresentsthe
aerodynamiccharacteristicsofthepropellerfora verylargesngle-of-
attackrange(0°to82.50),a ramgeof J’ frcmO to 6.2,andwiththe
bladeanglesvaryingfrom4°to 67.5°.Theseresultsarepresentedin
figures7 to 13.

Thethirdsectiondealswiththeaerodynamiccharacteristicsofthe
propellerwhentherelativewindisintotherearsideofthepropeller
diskshulatinga conditionof airplanetail-firstdescent.Theresults
ofthissectionarepresentedinfigures14to18. TIEfinalsection
presentsa comparisonwiththeoryofthevariationoftherateof change
ofthepropellernormal-forcecoefficientwithangleofattack.A com-
parisonwiththeoryoftheexperimentallydeterminedvaluesof CT, CP,
and q wssalsomadeforan angleofattackofOO. Theresultsofthis
sectionsrepresentedinfigures19 and20.
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Thedatahavebeencorrectedfortunnelblockage,propeller-removed
tares,andgear-boxlosses.h connectionwiththegeai-boxlosses,it
ishnportantto statethatgearingfailuresoccurredtwiceduringthe
courseofthetests,md thesecondfailurecauseda s~ght curtaibent
oftheoriginaltestprogrsm.Sinceitwasnecessaryto assemblethe
gearboxa thirdthe, reworkedgearswereusedinorderto obtainthe
taretorquedueto gearingwiththepropellerremoved.Someinaccuracy
inthepowermeasurements,therefore,istobe expected.Itwasnot
feasibletomakeperiodicchecksofthetaretorqw duringthecourseof
thetests6butcomparisonsofthecalculatedpropellercharacteristics
at a = O , by useof striptheory,withtheexperhentallyderived
characteristics(fig.20)showfairagreement,aswillbemorefully
discussedlater.Inregsrdto theaccuracy,however,”it isusuallypos-
sibletopredictpeakpropellerefficienciestowithin*3percentby
strip-theorymethods,whereastheresultsinfigure20(c)showdiffer-
encesashighas 5 percent.Someofthisdifferencemaybe dueto
inaccuraciesinthemeasurementofthepowerde~veredtothepropeller.

No correctionshavebeenmadeforjet-boundaryeffectsorforthe
localstreamangleatthepropeller.Theformerareknowntobe very
SEM22.becauseofthesmallpropellersizeusedintheLangleyfull-scale
tunnel.Withregardto thestreamangle,thenormslforcemeasuredat a
nominalpropellerangleofattackof0°indicatesthattk.propeller
actuallyhas an initisJ.angle ofattackofapproxte~ -2°or ~3°. hs-

muchasthepropellerlocationinthetunnelchangeswitheachangle-of.
attacksetting,theworkinvolvedinobtainingtheairstresmsur-vevs
reqd.redto defineaccuratelythestresm-angl~variationwasnot~eltto
be warmnted.

Theaccuracyoftheforceandmomentdataisbelievedtobewithin
the followinglimits:

CT . . . . . . . . . . . .

%“”””””””””””
%“”””””””””””
%“”””””””””””
%=.”=.=...***

Eachstatic-thrusttest

. . . . . . ...0 ● O..* . . . *O.002

. . . . . . . . . . . . . . . . . . 53.01

. ...* . . . . . . . . . . . . . *O.01

. ...’. . . . . . . . . . . . . . +0.01

. . . . . . . . . . . . . . . ● . . +-0.01

StaticThrust

wasmadewitha fixedbladeangle;therefore,
changesinpropellercharacteristicsduringa testaredueonlyto changes
inrotationalspeed.Thevsriationofthrustandpowercoefficientswith

——. —— — —— -——–-— ..——— —.
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Reynoldsnumberand”tipMachnumberfora rangeofblade
to25°are@.veninfigure5. ~ general,the CT and

mm m 3228

snglefran0°
Cp curvesare

●

consistentwiththetrendsobtainedformostpropellersinstaticthrust,
anda detaileddiscussionoffigure5 is felttobe unnecessary.

me propellerfigureofmerit 0.799
C$12
—, whichistheratioof
Cp

theidealminimumpowerrequiredtoproducea giventhrusttotheactual
powerrequiredtoproducethesamethrust,plottedagainsttheratioof
thrustcoefficienttoweightedsoH~tY CT/Uefort~ rangeoftiP~ch
number,Reynoldsnumber,andbide angletivestigatedisgiven~ fig-
ure6. Theblsdeangleforthemaxbnumfi~ ofmeritissMghtly
greaterthan8°. Forvalues of @/Ue.up to about1.1,thefigureof
meritis seento increaserapidlyatfirstandthenmoreslowlywith
increasingReynoldsnum%erandtip.Machnumber.At values of ~/Ue in
excessof1.1,thefigureofmeritat thehigherReynoldsnumbersand
tipMachnumbersshowsa reductionwithincreasingReynoldsnumberand
tiplllchnumber.Thisdropinthefigureofmeritmaybe a compressibil-
ityeffectinviewofthewell-lmownfactthatthecriticalMachnumber
ofairfoilsectionsdecreaseswithincreasingangleofattack(ref.3).

ForwardFlight

Theforward-flightreghnefora verticsXLyrisingairplanecould
conceivablyincludeanglesofattackvaryingfromOoto approximately900.
Theveryhighangle-of-attackrangewouldprobablybe attainedonlyat
verylowvaluesof J’ representinga veryslowforw~dspeedattake- .
offandlandingorinthetransitionflightrange.Of course,athigh
altitudeduringmaneuvers,an sirplaneconfigurationcouldattainfairly
highanglesofattackat considerablyhighervaluesof J’ thanthe ..
take-offcondition;therefore,thepresenttestswereconductedtoinclude
a verylsrge J’ rangeoverthelargeangle-of-attackrangeto include
allpossibleflightconditionswhichthistypeairplanemayexperience,
includingairplaneconfigurationshavingcapabilitiesofa widerangeof
propellerspeedby variablegearratios.

TheaerodynamiccharacteristicsofthepropeLlerforanglesof
attackfrom0° to82.5°arepresentedinfigures7 to13. Theblade
singleforthisrangeofangleofattackwasvariedfrom30°to 67.5°
at a=OO andfrom4°to m“ at a = 82.5°.Thecoefficientspresented
inthesefiguresare CT> cpY ~> Cy?and ~ andareplottedagainst .
J’. Theprope~erefficiency(fig.7(c))is shownfor a = 0° only.
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. Thevslueof J’ gitingzerothrustfora givenbladeangleticreased
withincreasingsingleofattackforthebladeangleand J’ rangeinves-
tigated(figs.7 to 13). Exceptforthestcdledrangeatlow J’,the
valuesof CT at a givenbladeangleincreasedwithincreasingangleof
attackuntiltheveryhighanglesofattackwerereached.Foranglesof
attackof75°and82.5°,thehigherbladeanglestestedgavedecreased
tiues of CT withincreasingJ’ forthehigherJ’ rangeinvesti-
gated.Thisfactindicatesthattheoptimumbladesingleforproducing
a netthrusthasbeenexceeded.Theseanglesofattackof75°andgreater
areina rangethatis synonymouswithhelicopterforwardflightandthe
datawouldnolongerbe expectedtofollowthetrendofnormslpropeller
operation.Apre13mharycalculation,usingthemethodofreference4, of
thesectionanglesofattackaboutthediskfortheseverylargepropeller
anglesofattackshowedanincreasein sectionangleofattackonthe
forward-goingbladeanda decreasein section-e ofattackonthe
rearward-goingblade.Thisblade-sngl.e-of-attackvariationplusthe
effectof changingdynamicpressureontheforward-andrearward-going
bladeswouldbe expectedtoproducelsrgevariaticmsintheloadingover
thedisk.

An attemptwasmadetomakea moredetailedcalculationofthethrust
coefficientsofthepropellerforanangleofattackof75°anda blade
angleof@“for J’ = 0.4 by usingstriptheoryandthemethodofref-
erence4. Forthelowangle-of-attackrange,sectiondatawereobtained
fromreference3;however,verylargepositiveandnegativesectionangles
ofattackwereencountered(-100°to@o) whichreqxlredtheuseof sec-
tiondataina rangewherelittleinformationisavailableforthepresent
NACA16-seriesairfoilsection.Therefore,anextrapolatedEt curvewas
determined,basedonNACA0012-seriesairfoilsectionsandClsrkY data
(refs.5 and6) andseverslthrustcoefficientswereeal.culatedandfound
tounderestimatetheexperimentalresultsby asmuchasSOpercent.
Inspectionofthecalculationsshowedthatdeviationsfromtheextrapo-
latedcurvecouldproducelargedifferencesinthefinalcoefficients,
emphasizingtheneedforairfoildataatverylargesinglesofattack.

Thecalculationsdidshow,however,thata largeportionofthedisk
isoperatingina regionofnegati=thrustforthevalueof J’ inves-
tigated,withthenegativethrustconditionbecomingmorepronouncedwith
increasingJ’. Thelackof surveysinthepropellerplaneorsufficient
datato defineaccuratelytheloadingoverthediskmakestheinterpreta-
tionofthethrust-andpower-coefficient’curvesforanglesofattackof
75°@d82.5° verydifficult;amdforthepresentpaper,no attemptwi~
bemadeto explainthevariationsof CT and Cp againstJ’ forthese
anglesofattack.

Thepowercoefficientsandthenormsl-forcecoefficientsfora given
bladeangleand J’ increasewithincreasingangleofattackforthe
rangeofbladeangleand J’ investigated.

.-—.—— - — —— --—
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Thebladeangleformaximumefficiencyat zeroangleofattackis
60°at J’=3.7.

Thepitching-manentandysxing-mcunentcoefficients,ingenersl,
increasedwithincreasingJ’ andangleofattackfora givenblade
angle;however,no consistenttrendwasnoted.

Thesideforcewasmeasuredandfoundtobe negligibleandisnot
includedinthepresentpaper.~ thecaseoftwo-bladepropellers,how-
ever,itisknownthatthesideforceis of considerablemagnitude.(See
ref.7.]

VerticalDescent

Theflightre@me fora verticallyrishg airplanewillprobably
includeanglesofattackup to 180°whichrepresentsa tail-firstvertical-
descentcondition.Forthisreasonanattemptwasmadeto determinethe
propellercharacteristicsfortheveryhighangle-of-attackrangeandfor
a UnitedrangeofnegativeJ’ andbladesngles.As suggestedbythe
resultsofprevioustestswiththispropellerinstalledona modelair-
plme configuration(reportedinref.2)therewasevidencethatviolent,
unstablemotionsofthatmodelin a t&l-firstconditioncouldbe attrib-
utedtotheunsteadypropellerslipstream.Thisconclusionwassupported
by thefactthat,wtththepropellersremovedfromthemodel,nounstable
motionsOf any kindwereexperiencedatanangleofattackof1800..The
presenttestswithpropelleraloneindicatedthesametypeofmotionsof
appro~tely thessmemagnitudeasthosenotedinreference2. As in
thetestsofreference2,thepresentsimulatedvertical-descenttests
werelimitedandwereterminatedbeforemy appreciableamountofdata
couldbe obtainedbecauseoftheexcessivewearanddamagetotheblades
andexperimentalhubmechanism.

Thevertical-descenttestsweremadeby operatingthetunnelatits
lowestcontinuousvelocity(V= 38fps) andvsxyingJ’ by increasing
thepropellerrotationalspeed.Thistypeof operationwouldsJJmwthe
negativeadvanceratioto varyfroma valueofapproximately-1.0to
valuesapproachingzero(staticthrust).Thetestshadto be terminated,
however,justastheimportsntoperatingrangeof J’ (Oto -o.2)was
approached.Thissituationwasunfortunatebecausetheoperatingrange
ofthepropellerof a verticallydescen~.airplanewouldprobablyinclude
veryhighrotationalspeedsandlowdescentvelocitieswhichwouldneces-
sarilyresultinvaluesof J’ approachingzero.Theaccompa@mgaero-
dynamicdatagiveninfigure14 are,therefore,oflhitedvalueexceptto
correlatetheresultsgiveninfigures15to18whichshowthetimehistory
ofthepropellerthrust,normalforce,andtorquefortherangeof J’
investigated.Thesethe-historydatawereobtainedby recordingthe
resultsobtainedfromthestrain-gagesystemnotedinfigure4.

—
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Thetime-historydata(figs.15to 18)showtheincreaseinmagni-
tudeoftheforceandmment fluctuationsas J’ approachedzero.For
theleastnegativevaluesof J’ investigatedforeachofthetestcon-
ditions,theforcesandmmentsvariedasmuchas+20percentofthe
totslvaluesmeasured.

Inadditiontotheobviousstructuralandfatigueproblems,operatim
inthisrangewouldprobabl.yimpairtheabilityto controltheaircraft
becauseoftheviolentflowfluctuations.

Thereasonfortheviolentfluctuationsoftheforcesandmaments
isprobablyduetothefactthattheslipstreamvelocitywasapproaching
orwasequalto thefree-stresmvelocity,resultingina veryunstable
regionofairatthepropellerdiskthatcouldbe describedas a fully
developedvortex-ringstateofflow. TM.Sflowconditionhasbeenexperi-
encedby helicoptersinpartial-powerdescents.Anydescentvelocity
whichisremovedsomewhatfromtheslipstreamvelocityprobablywill
producelessviolentmotions.

Visualandphotographicobservationsweremadeoftheflowinthe
regionofthepropellerby usimgsmokeforanangleofattackof165°,a
bladeangleof16°,and J’ ofapproximately-0.3.Theresultsofthese
observationsshoweda semiperiodicflowbackandforththroughthepro-
pellerdisk,whichwouldaccountforthelargefluctuationsinforces
notedpreviously.

As anillustrationofthemagnitudeofthisdisturbance,theane-
mometerlocatedsome18 feetfrm thepropeller(seefig.3)wasperi-
odicallyturned180°fromitsusualdirection.

CcunparisonWithTheory

Forconventionalpropelleroperation,Goldstein’spropellervortex
theoryin conjunctionwithtwo-dimensionalairfoildatahasbeenfound
tobe a reliablemethodofpredictingtheaerodynamiccharacteristicsof
propellers.(Seeref.8.) Ih app~cationtoyawedorpitchedpropeller
problems,exceptforsmall.anglesofpitchoryaw,thismethodhasso
farbeenhandicappedbya lackoftwo-tinsionalairfoildataathigh
anglesofattack,ashasalreadybeenmentionedearlierinthepresent
paper.Actually,ofcourse,it isnotcertainwhetherthevortextheory
asnowusedwouldapplyto largeanglesof attackorto stsJ2edoperating
conditions,evenifthetwo-Mmensionalairfoildatawereavailable.

Becauseofthelaborinvolvedinapplyingstrip-theorymethodsto
thecalculationofthepropellernormalforceforevensmallanglesof
attack,severalsimplifiedmethodsforcalculatingthenormslforcehave
beendeveloped,themostwidelyusedmethodbeingthatofRibner(ref.9).
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Thedevelopmentofthismethod,whichisexplainedinreference10,is
basedontheasm.mrptionof onlysmallchangesinthepropellerveloc-
ityfield.Inapplication,thismethodhasbeenfoundto givefairly
reliableresultsforanglesof attackupto approximately15°. Useis
madeofthepresentdatato checktheapp~cabilityofRibner’smethod
overa largerrangeofpitchanglethanpreviouslytried.

me resultsoftheexperimentallydeterdnedvaluesoftherateof
chamgeofthepropellernormal-forcecoefficientswithangleofattack
foranglesofattackfrom0°to 82.50andtheresultsdeterminedby the
methodofreference9 areshowninfigure19. Thevalues usedforthe
spinnerandsidewashfactorsinthetheoreticalcalculationswere1.14
and0.4,respectively,andaresufficientlyaccurateas determinedin
reference4.

Ihtheunstalledrangeof J (J> 1.8)foranglesofattackof0°
and15°andblade@es frm 40°to 600,thetheorygivesresultsthat
are,ingeneral,within the KLOTpercentaccuracynotedinreference9;
however,forsinglesofattackof 30°ormore,theinaccuracywasincreas-
inglygreaterthan~0 percent,as csxLbe determinedfromtheresults
giveninfigure19.

It is interestingtonotethata decreaseinsectionlift-curveslope
(whichwasO.lperdegree)usedtithe calculationsshiftsthecalculated
curveto a lowerpositionwhichisparallelto theoriginalcurve.It
canbe seenby inspectionoffigure19foranglesofattackof 600and
75°that,by decreasingthesectionlift-curwslope,thecalculated
curvewouldbe shifteddownward,andwouldresultina closercorrelation
ofexperimentalandcalculatedresultsforthehigherrangeof J i3lVeS-
tigated.Itwasnotedthat,foranangleofattackof 75°,a decrease
to 0.014perdegreeinthesectionLift-curveslopeusedinthetheoret-
icalmethodwouldresultina closecorrelationoftheoreticaland
experimentalresultsfor J greaterthan2.0. Theapplicablelift-
curve-slopevsriation,however,isunknown.

Themethodofreference9 givesresultsthatfold.stillfartherfrom
theexperimentalresultswhenangleofattackisticreasedto82.5°.The
experimentalresultsshownegativevaluesof N$> whereasthetheoretical
methodusedhasnoprovisionto accountforthesenegativevalues.

.
Theaerodynamiccharacteristicsofa propellerat zeroanglesof

attackandyawcan,ingeneral,be adequatelypredictedbymakinguse
ofa stripanalysisfortheairfoilsectionsusedandby considering
compressibilityeffects.Thispredictionwasmadebyusingavailable
airfoil-sectiondata(ref.3)whichwereincomplete,makingitneces-
saryto relyonextrapolatedvaluesobtainedfromtheresultsgivenin
references5 and6 forNACA0012-seriesairfoilsectionsandClarkY
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airfoildata,respectively.Theresultsofthesecalculations,along
withtheexperimentaldata,arepresentedinfigure20.

Thevariationsof CT and Cp withadvanceratioarefairlywell
predictedby thecalculations;however,theexperimental.dataarecon-
sistentlyhigherthroughouttherangetested.Thevariationofeffi-
ciencywith J, of course,followsthetrendsetby thethrustandpower
coefficients.

Thebasicreasonwhytheorydoesnotpredicttheactualvaluesof
thrustandpowercoefficientsandefficiencyfortheb~e -es tested
hasnotbeendetermined.Thegear-boxtaretorque,asdiscussedinthe
section“PresentationofResults,” isa possiblesourceforthediffer-
encesintheexperimentalan’dcalculatedvaluesofpowercoefficientand
efficiencyti theuseofextrapolateddataforportionsofthecalculat-
ions couldalsoWcountforpa@ ofthesedifferences.h theforward-
flightsection,thecoefficients~ and Cp fortheunstalledrange
of J’ areshowntoincreasewithincreasingangleofattackanditis
possiblethatthesmallinitial.angleofattacknotedinthesection
“PresentationofResults”isa contributingfactorfortheexperimentally
determinedvaluesbeinggreaterthantheorypredicts.

CONCLUSIONS

Thetestsofa-1/3-scale,four-blade,modelpropellerdesignedfor
useona convertible-typeairplaneconductedintheIkngleyfull-scale
tunnelforrangesofangleofattack,bladeangle,andadvanceratioof
O“to 180°,O“to 67.5°,andO to 6.2,respectively,indicatethefol-
lowingconclusions:

1.Thebladeangleforthemaximumfigureofmeritis sM&dily
greaterthan8° (zeroadvanceratio).

2.Thebladeangleformsximmefficiencyforzeroangleofattack
is appro-tely 600.

3.FortheUnsttiedportionoftheadvance-ratiorange,thrust,
power,andnomal-forcecoefficientsincreasewithincreasingangleof
attackfora givenvalueofadvanceratioandbladeangle.

4.Thrustandtorquevariedasmuchas&20percentduringthepor-
tionofthevertical-descenttestswherethesl.ipstresmvelocityapproached
thefree-streamvelocity.Thestrengthandfatigueproblansdevelopedin
thepropellerduetotheseforces,togetherwiththedifficultiesthat
maybe experiencedin controllingtheaircraftbecauseoftheabrupt

.— ——— ————.-.
._— - ———
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slipstreamfluctuations,maylimitratesofdescenttovaluessomewhat
removedfrm theslipstreamvelocity.

5.ThetheoreticalmethodofRibnerdoesnotadequatelypredictthe
rateof changeofthenormal-forcecoefficientwithangleofattackfor
anglesofattackgreaterthan15°.

6.me stripanaJYsiscarriedoutin anefforttopredictthemeas-
uredcharacteristicsat zerosingleofattackpredictedftirlywe~ the
experimentalresults.

Langl.eYAeronatiicslLaboratory,
NationalAdvtsoryCcmmitteeforAeronautics,

Iangleyfield,Vs.,March15,1954.

— ——
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